The ability of in-line coagulation pretreatment with high-basicity polyaluminum chloride (PACl) coagulants to enhance virus removal by ceramic microfiltration (MF) was examined by comparing virus removal efficiencies from water pretreated with PACl-2.2 (basicity 2.2) and PACl-2.5 (basicity 2.5) versus alum, a synthetic aluminum chloride (AlCl 3 ) solution, and two commercially available PACls, PACl-1.5 and PACl-1.8. The virus removal ratios for AlCl 3 , alum, PACl-1.5, and PACl-1.8 decreased markedly when the pH of the treated water shifted from 6.8 to 7.8, but was high at both pHs for PACl-2.2 and PACl-2.5. PACl-2.5 contains Al 13 species and possibly Al 30 species, and has a high colloid charge density. It removed viruses more efficiently than the other aluminum-based coagulants, not only at neutral pH, but also under weakly alkaline conditions. Moreover, the in-line coagulation-ceramic MF process with PACl-2.5 pretreatment removed not only viruses but also dissolved organic carbon and UV260-absorbing natural organic matter more efficiently and resulted in a lower residual aluminum concentration than did commercially available PACls, especially under weakly alkaline conditions. A combination of coagulation pretreatment with a high-basicity PACl and ceramic MF can provide effective treatment of drinking water over a broader pH range than is possible with commercially available aluminum-based coagulants.
INTRODUCTION
Low-pressure membrane (LPM) filtration, including microfiltration (MF) and ultrafiltration, is widely used for drinking water treatment because of its ability to produce high-quality water, its small footprint, and its relatively low costs (Huang et al. ) . To improve the filtration efficiency of LPM, integration of pretreatment with LPM filtration has been widely employed in actual drinking water treatment plants. Pretreatment methods include adsorption, coagulation, and oxidation. Among these methods, coagulation is the most successful pretreatment for controlling membrane fouling (Huang et al. ) , which reduces membrane permeability and increases the frequency of hydrodynamic or chemical cleaning. In addition, coagulation pretreatment is also useful for improving the quality of treated water. Enhancement of removal of dissolved organic carbon (DOC) and natural organic matter (NOM) can be expected with a combination of pre-coagulation and membrane filtration (Lee et al. ) . Moreover, effective removal of waterborne enteric viruses, those having diameters of 20-100 nm, is possible by this hybrid process. For example, Tanneru et al. () have reported that a coagulation-MF process with a coagulant dosage of more than 20 mg-Al/L produced 5.5-6.0 log reduction of these circumstances, reducing the pH of the drinking water source with acid or adding more coagulant is sometimes required to improve coagulation efficiency when commercially available aluminum-based coagulants such as polyaluminum chloride (PACl) and alum are used (Hu et al. ; Yan et al. ) . However, both of these methods have some disadvantages, including an increase of the residual aluminum concentration in treated water (Matsukawa et al. ) and treatment cost (Yan et al.  ).
An alternative investigated by some researchers has been the effect of adjusting the aluminum hydrolyte ratio 
MATERIALS AND METHODS
Source water, coagulants, and MF membrane On 17 July 2009 and 10 November 2009, river water was sampled from the Toyohira River (Sapporo, Japan), the water quality of which is shown in Table 1 . The coagulants used for the coagulation process were six aluminum-based coagulants, the specifications of which are shown in Table 2 . Two commercially available PACls with normal basicities of 1.5 (PACl-1.5) and 1.8 (PACl-1.8) were provided by the Taki Chemical Co., Ltd (Kakogawa, Japan). For experimental purposes, the same company also supplied high- effective filtration area 0.043 m 2 ; NGK Insulators, Ltd, Nagoya, Japan) installed in a stainless-steel casing was used for the MF process. 
Characterization of coagulants

Colloid titration analysis
The positive colloid charges of the coagulants were deter- 
).
Bacteriophage was propagated and purified as described in our previous report (Shirasaki et al. ) prior to the preparation of a bacteriophage stock solution.
In-line coagulation-ceramic MF experiments
The river water, placed in a raw water tank, was spiked with Qβ at approximately 10 8 PFU/mL. Throughout the experiments, the raw water was mixed constantly with an impeller stirrer.
The raw water was fed into the experimental system at a con- 
Bacteriophage assay
PFU method
The infectious bacteriophages were enumerated according to the double-layer method (Adams ) by using the bacterial host Escherichia coli (NBRC 13965). Serially diluted raw water or MF filtrate (1 mL) was poured onto a solid-bottom agar plate followed by 0.3 mL of host E. coli culture mixed with 3 mL of molten top agar. The plates were incubated for 16-24 h at 37 W C. To measure the concentrations of infectious bacteriophage in the water samples, we calculated the average plaque counts of triplicate plates prepared from one sample on plates with 30 to 300 PFU, which we considered a countable number of plaques, and determined the number of plaque forming units per millilitre.
For quantification of low infectious bacteriophage concentrations (i.e. <30 PFU/mL) in the MF filtrate, 50 mL of MF filtrate was mixed with 5 mL of bacterial host E. coli culture and 50 mL molten agar, and the mixture was then poured into 10 plates (without bottom agar). The plates were incubated for 16-24 h at 37 W C. We calculated the number of plaque forming units per millilitre by dividing the total plaque counts for the 10 plates by the sample volume (50 mL).
Real-time reverse-transcription polymerase chain reaction method (RT-PCR)
The viral RNA of bacteriophages was quantified by the realtime RT-PCR method. This method detects all bacteriophages, regardless of their infectivity and the existence of aggregates. The detailed procedure for the real-time RT-PCR method has been described in our previous study (Shirasaki et al. ).
RESULTS AND DISCUSSION
Effect of coagulant type on bacteriophage removal The infectious Qβ removal performances of AlCl 3 , alum, and PACl-1.5 were markedly decreased when the pH of the treated water shifted from 6.8 to 7.8. Even when the coagulant dosage was increased from 1.08 to 2.16 mg-Al/L, <1-log removals were observed for those coagulants (Figure 1(b) ).
In contrast, PACl-2.2 continued to remove viruses with high efficiency (>6-log removal of infectious Qβ) even under weakly alkaline pH conditions (Figure 1(a) ). This result indicates that the type of coagulant affects virus removal performance in the in-line coagulation-ceramic MF process, especially under weakly alkaline pH conditions, and that a high-basicity PACl (e.g. PACl-2.2) can remove viruses more effectively than the other commercially available aluminum-based coagulants used in the present study.
Effect of PACl basicity on bacteriophage removal
As described above, PACl-2.2 removed infectious Qβ more efficiently than did other aluminum-based coagulants, including PACl-1.5, especially under weakly alkaline pH conditions. To precisely quantify the effect of PACl basicity on virus removal, we compared the removal of Qβ by inline coagulation pretreatment with four PACls with different basicities followed by ceramic MF filtration within the pH range 6.8-7.8 (Figure 2 , source water was river water 2). More than 8-log removals of infectious Qβ, assessed by the PFU method, were attained by the in-line coagulation-ceramic MF process with all the PACls when the pH of the treated water was about 6.8, regardless of their basicity (Figure 2(a) ). In contrast, the removal efficiencies of infectious Qβ depended on the basicity of the PACls when the pH of the treated water was about 7.8.
The in-line coagulation-ceramic MF process with PACl-1.5 and PACl-1.8 achieved approximately a 1-log removal of infectious Qβ, but approximately 6-log and >8-log removals were achieved with PACl-2.2 and PACl-2.5, respectively. A similar trend was observed for removal ratios of total Qβ, assessed by the RT-PCR method.
Although high removal efficiencies of total Qβ, at least 6-log removals, were achieved for all PACls at around pH 6.8, marked differences in removal ratios were observed among the four PACls when the pH of the treated water was about 7.8 (Figure 2 
Characterization of coagulants
To elucidate why PACl-2.5, which has a higher basicity, was more effective in removing viruses, we used ESI-TOF-MS to analyze the aluminum hydrolyte speciation in PACl-2.5. In the ESI-TOF-MS spectra of all the coagulants (Figure 3) aluminum-based coagulants used in the present study (Table 2 ). In contrast, the content of Al c varied as a function of the coagulant type and was highest in PACl-2.5 ( species connected by four monomeric aluminum species (Chen et al. ) , the implication being that the peaks of monomeric aluminum species and fragment ions of Al 13 species will also be observed when the Al 30 species in a coagulant is decomposed by fragmentation in the ESI-TOF-MS analysis. Actually, these peaks were clearly confirmed in the ESI-TOF-MS spectrum of PACl-2.5, as shown in Figure 3 . Therefore, PACl-2.5 possibly contained not only Al 13 species but also Al 30 species.
The positive colloid charges of the coagulants were also determined by using a colloid titration technique (Figure 4 ).
The colloid charge densities of the AlCl 3 and alum were very small and almost constant, regardless of the aluminum concentration. In contrast, the colloid charge densities of the PACls increased with increasing concentrations of aluminum. In addition, the colloid charge density of PACl-2.5 was the highest among the aluminum-based coagulants used in the present study. Because Al 13 species and Al 30 species are known to be effective coagulants because of their strong charge neutralization capability and high structural stability (Chen et al. ; Zhang et al. ) , the presence of Al 13 species, Al 30 species, or both in PACl-2.5 is possibly associated with the large amount of positive colloid charge. In addition, the absence of sulfate in PACl-2.5 probably also contributed to its high colloid charge density compared with that of other sulfated PACls such as PACl-1.5, PACl-1.8, and
PACl-2.2, because the presence of sulfate during the coagulation process reduces the charge neutralization capability of coagulants (Wang et al. ) . These characteristics of PACl-2.5 account for its high capability to neutralize the negative charges on viruses during coagulation pretreatment.
Actually, the in-line coagulation-ceramic MF process with PACl-2.5 could effectively remove viruses not only under neutral pH conditions but also under weakly alkaline conditions, as described above.
We have shown through this study that coagulation pretreatment with PACl-2.5 followed by ceramic MF has a variety of advantages, including effective removal of viruses, DOC, and UV260-absorbing NOM, and the process results The high-basicity PACls, PACl-2.2 and PACl-2.5, could effectively remove viruses not only under neutral pH conditions but also under weakly alkaline conditions.
2. Among the various aluminum-based coagulants used in the present study, PACl-2.5, which has a high Al c content (including Al 13 species and possibly Al 30 species) and a high colloid charge density, removed viruses more efficiently (>8-log for infectious viruses; >6-log for total viruses) than the other aluminum-based coagulants in the pH range 6.8 to 7.8.
The in-line coagulation-ceramic MF process with
PACl-2.5 removed not only viruses but also DOC and UV260-absorbing NOM more efficiently and resulted in a lower residual aluminum concentration than did commercially available PACls, especially under weakly alkaline conditions.
